Abstract-Optical diagnostic techniques play an important role in the engineering of modern energy processes. Optical absorption tomography as a diagnostic technique allows imaging of chemical species in flows with spatio-temporal resolution. The optical access scheme employed to acquire the tomographic projections impacts the limiting spatial resolution and imaging speed of the instrument. Our review of conventional optical access schemes indicates that there currently exist no practical schemes that can achieve simultaneous high-speed, high-spatial resolution imaging. Here, we show that advanced solid-state beam deflectors can be used to realize such a system. We evaluated a state-of-the-art electro-optic deflector combining a multi-pass scheme in a space-charged crystal and found that it can achieve a full deflection angle of 216 mrad (12.4°) at 90-kHz scan rate. We present how optical access schemes based on electro-optic deflectors can be arranged, estimating the increased bandwidth requirement for the data acquisition system. Using an existing tomography system and an image reconstruction algorithm, we show by simulation that the spatial resolution under nonoptimum conditions can be improved by 38%. We describe in detail our implementation of the spatial resolution quantification algorithm. Our results demonstrate how advances in other disciplines can be exploited to further improve the performance of an optical tomography instrument. We anticipate our assay to motivate further development of optical access schemes as well as optimized image reconstruction algorithms.
I. INTRODUCTION

O
PTICAL absorption tomography has emerged as an important diagnostic technique to study the evolution of targeted chemical species in reactive fluid flows with temporal and spatial resolution. The technique has found numerous applications in energy research, enabling the characterization of chemical processes in combustors, automotive, marine and aviation engines. Optical absorption tomography utilizes resonant spectroscopic absorption from the target species, typically in the Near-IR or Mid-IR spectral regions, as the tomographic modality. Here we give a description of the basic principle of operation and forward model of this modality to prepare the ground for our discussion on optical access schemes and spatial resolution. A pencil-beam traverses a non-uniform chemical species distribution at a molar concentration χ as shown in Fig. 1 . The concentration varies along the beam propagation vector r at a parametric location u over a pathlength U . The frequency ν of the transmitted light is selected so that the beam experiences resonant spectroscopic absorption due to the specific rotational and vibrational energy level transitions of the species of interest. The molar concentration measured by a single beam, in the case where the concentration is uniform across the imaging space, is governed by the Beer-Lambert law:
where I r and I t are the intensities of the received light and transmitted light respectively, S is the linestrength of the transition, P is the total pressure and ϕ ν is the frequencydependent lineshape due to broadening [1] . The temperature and pressure are assumed to be uniform. Using (1) the species concentration can be quantified as a path-concentration integral (PCI). Tomography as an extension to (1) allows quantification in two dimensions and produces synthetic crosssectional images of the concentration distribution. To achieve spatial resolution, a number of sampling beams, each yielding a PCI, are arranged as in Fig. 1 to traverse a Cartesian imaging space containing the species concentration distribution. The i-th beam is at a distance s i perpendicular to the origin and forms an angle θ i with the y-axis. A set of parallel beams is termed a tomographic projection. The pathintegrated absorbance a i of the i-th beam, in the case where the concentration is not uniform across the imaging space, can be written as the integral attenuation model [2] :
Deconvolution of (2) for realistic, low PCI-count systems is an ill-posed and ill-conditioned problem having no unique and stable solution. To make image reconstruction tractable, prior assumptions such as positivity, spatial constraints, smoothness and computational fluid dynamics models are commonly incorporated in the image reconstruction algorithm. These assumptions reduce reconstruction ambiguity at the expense of measurement objectivity. Nevertheless, for a finite number of sampling beams some ambiguity will persist, limiting the system's ability to image closely-spaced or small features as quantified by the system's limiting spatial resolution figure.
In order to improve the spatial resolution achieved by a given system, a higher density of unique PCIs is required in linear and angular dimensions. Space limitations around the imaging process compounded with the finite size of launch/receive optical components place an upper limit on the number of achievable PCIs. Consequently in practical implementations the objective is to maximize the number of sampling beams while optimizing their position and orientation in the imaging space. The optical access strategy is intrinsic to these efforts, therefore it must be carefully considered and selected.
II. REVIEW OF OPTICAL ACCESS SCHEMES IN ABSORPTION TOMOGRAPHY
In order to acquire a number of PCIs two requirements must be met: a) the process and its boundaries must be, or made optically accessible at the relevant spectral region(s) and b) a strategy to introduce a number of beams must be put in place to acquire a plurality of PCIs with spatial resolution. We proceed to review the latter, categorizing the works based on the general optical access scheme. Within each category the works are grouped based on application context and then in chronological order. Special cases are discussed last. We limited the scope to works that perform tomographic imaging based on light beam(s) having a well-defined beamwidth that traverse the process of interest experiencing pathintegrated resonant spectroscopic absorption. The beam(s) can either be stationary over time or scan the process. In this review we have included fan-beams due to their relevance.
A. Fixed Optics and Process
Systems in this category are characterized by having optical access components, sampling beams and imaging space boundaries that are permanently fixed in space. Such systems typically employ all-fiber optic light distribution combined with collimating launch and receive lenses.
Several systems have been developed to image the concentration distribution of hydrocarbon fuel inside the cylinder of an operating reciprocating engine. The imaging space is circular and optically accessible through an annular window. The systems share a similar architecture which has been conceptualized in [3] . The concept was implemented in a 32-beam system having 4 projections [4] . In one case optical access was achieved by substituting a slice of the engine block with a plate carrying fiber optics near the cylinder walls and onto ball-lens collimators forming an irregular 27-beam array [5] . The same instrumentation system was configured with a 32-beam regular array of 4 projections [6] . Tight packing of collimation optics was achieved by relying on deterministic positioning of the optics in precision-machine grooves. All works reviewed so far have dealt with spark-ignition (SI) engines. However, a compression-ignition (CI) engine has also been instrumented using an adapted version of the system described in [5] . Reference [7] reports on imaging the fuel concentration distribution inside an operating CI engine at high speed. Optical access was achieved using an annular window (similar to [4] ) surrounded by launch and receive optics mounted in precision-machined grooves (similar to [6] ). The installed beam array comprised 31 beams in 4 regular projections.
The in-cylinder imaging technology was extended to image methane in marine engines [8] . Two beam array designs were proposed: a 26-beam regular array to image the entire cylinder cross-section and a 31-beam irregular array to specifically target the exit orifices of the engine's pre-chamber. Miniature optical windows allowed operation at full cylinder pressure.
In flame diagnostics, fixed-optics systems have targeted water vapor, methane or ammonia. In all cases the distribution of temperature and concentration was imaged. Reference [9] describes a hyperspectral optical absorption tomography using a total of 6 beams regularly arranged in a square imaging space. Similarly in [10] , 24 beams formed a regular array in a circular imaging space. In [11] a 16-beam system with 3 projections was used to image methane in a free-space flow, ammonia in an emulated engine exhaust and methane in an oscillating circular flame.
Fixed-optic optical access has also been applied for jet engine diagnostics. Systems typically maintain significant clearance distance from the exhaust plume. The hyperspectral system of [9] was extended to utilize a total of 30 beams in 2 projections [12] . The extended system was used to image the temperature and concentration distributions of water vapor across the exhaust of a commercial turbojet engine. Full-scale imaging of carbon dioxide has recently been achieved at the exhaust of a civil aviation turbofan engine [13] . Optical access is by 126 beams arranged in 6 projections and mounted on a 7 m diameter ring surrounding the approximately 1.4 m diameter exhaust plume.
As a special case in this category, [14] reports on the measurement of temperature and pressure in a supersonic combustor. The system used 16 stationary and quasi-parallel sampling beams placed along the axial direction of the flow and traversing it span-wise. Two diagonal beams were also used to determine the flow velocity. Due to the flow pressure and temperature parameters being quasi-uniform in the spanwise direction, this scheme provided adequate spatial resolution using a single tomographic projection.
B. Translated Beam or Symmetric Process
Systems in this category utilize a single, manually translated sampling beam to acquire multiple PCIs. In the majority of cases the process imaged is radially symmetric from a macroscopic perspective and an 'onion-peeling' algorithm [15] is used. Also included here are systems imaging asymmetric processes where implementing only a single beam greatly reduces experimental complexity.
In the case of a radially symmetric process such as a flame, in [16] the temperature of a sooting flame was measured using a light source of low temporal coherence. The flame was linearly translated to acquire 15 PCIs. Species concentration and temperature distributions in flat flames have also been imaged, targeting carbon monoxide [17] and carbon dioxide [18] . In both cases the flame was translated and 20 PCIs acquired. Optical absorption tomography has been applied in other symmetric processes. Reference [19] reports on imaging of the concentration distribution of methane on 3 axial planes in a fuel-air jet. For each plane the flame was translated to acquire 12 projections each having 87 parallel PCIs on average. Reference [20] describes imaging of the temperature and atomic number density distributions in a vacuum arc-jet motor. Measurements were taken on 3 planes using a single beam translated linearly on each plane. The number of PCIs acquired varied as a function of the exhaust plume diameter.
Several asymmetric processes have been instrumented in different application contexts. Reference [21] describes a system to image the concentration distribution of oxygen in a rectangular flow. The system acquires a total of 486 PCIs from 6 projections by combining translation of the sampling beam and the flow. Reference [22] reports on tomographic monitoring of carbon monoxide emissions from a volcano An open-path gas analyzer was used in combination with a retroreflector placed across the emissions plume (≈100 m). A total of 15 PCIs were captured with the gas analyzer rotated in two positions. Carbon monoxide was also imaged in a flat flame [23] and, similarly to the oxygen imaging application in [21] , 285 PCIs were acquired by angular and linear translation of the flame. Unlike previous references here the flame was not assumed to be symmetric. Finally, [24] reports on imaging of hydrocarbon fuel in a model of a gas turbine combustor. The sampling beam was translated in 6 projections of 25 parallel beams each yielding 150 PCIs.
As special cases in this category, the water vapor concentration distribution in a flame was imaged in microgravity artificially created by freefall of the entire apparatus [25] . To simplify the experiment a total of 8 PCIs were acquired simultaneously using a fixed array of 8 parallel beams. Water vapor concentration was also imaged, along with temperature, in a flat flame [26] . Instead of a single translated beam, the authors used a fixed array of 12 equally spaced and parallel beams spanning the entire diameter of the flame. One half of the beam array was offset by half the beam pitch thereby doubling the spatial sampling frequency (recall that the process is radially symmetric process).
C. Continuous Fan-Beam Illumination
Systems in this category utilize optics that form a fan-beam traversing the process being imaged. Here we use the term 'fan-beam' in its broader sense to describe a beam of light having a beam-width in one traverse direction that is much wider than another direction. Consequently this category also encompasses parallel sheet illumination. The fan-beam is continuous i.e. its cross-section is characterized by a continuous intensity profile and stationary. The desired number of PCIs is formed by collecting the fan-beam on a number of detectors, typically discrete photodiodes or integrated arrays of abutted photodiodes.
Fan-beam illumination has been applied in diverse applications. The density of chlorine in a supersonic flow was imaged using parallel sheet illumination and a 1024-element photodiode array [27] . The optical access setup was rotated around the flow at 6 projections with 30°angular separation thus acquiring 6144 PCIs. A general stationary fan-beam system for imaging reactive flows was described in [28] . The conceptual system uses multiple fan-beam sources placed around the process. Discrete detectors are illuminated by multiple sources that are time-division multiplexed to produce unique PCIs. To concept was demonstrated by imaging a flow of diacetyl vapor using a single fan-beam source and 96 photodetectors. The flow was rotated with respect to the fan-beam thereby emulating a large number of projections. Two applications in laboratory flames have been reported, imaging the temperature and concentration distribution of combustion species. Reference [29] imaged a pulsed flame using 4 stationary and parallel sheets located at regular angular intervals around the flame. Each sheet was focused on a 35-element photodiode array yielding a total of 140 PCIs. Similarly, [26] imaged a flat flame using 5 fan-beams. Each beam illuminated 12 discrete photodiode detectors yielding 60 PCIs in total. Regarding packed beds, [30] reports on the measurement of water vapor at the output of a packedbead absorber column. Three stationary parallel sheets originating from one side of the imaging space were focused on 128-element photodiode arrays yielding a total of 384 PCIs. Lastly, [31] reports on imaging of carbon monoxide as a combustion by-product. The system utilized discrete collimated fiber optics and photodiodes in a way similar to [4] and [32] previously described. However, in this system the process is illuminated by 3 stationary fan-beam sources yielding 48 PCIs in total.
D. Scanning Beam With Stationary Source
Systems in this category utilize one or more light launch sources capable of creating a scanning pencil beam. Contrary to the continuous fan-beam case, a unique line of sight measurement is conducted at any given time. The launch optics might contain moving parts to scan the beam but they remain stationary with respect to the process. Reference [33] describes a concept scanning beam tomography system to monitor atmospheric pollutants over large geographical areas. A scanning mirror at the centre of the imaging space directs the sampling beam onto reflectors placed on the circumference of the virtual imaging space. Incident light on each reflector creates a virtual, continuous fan-beam source that illuminates a number of detectors also placed on the periphery of the process. A different system described in [34] used a similar mirror arrangement as in [33] , however the beam was directed onto a screen coated with a Lambertian scatterer forming virtual cone beam sources. Scattered light from each source was collected by a subset of 90 discrete detectors equally spaced along the circumference of the imaging space. The concentration distribution and temperature of gaseous ammonia has also been demonstrated using the system described in [35] . The system utilized 4 platforms on which the launch and receive optoelectronics were mounted. The platforms rotated about themselves forming 4 scanning beams. Having traversed the imaging space, each beam was reflected by a cylindrical mirror back to the rotating platform where a photodetector was placed near the launch optics. In total 400 PCIs were acquired.
As a special case in this category, the mixture fraction of a radially symmetric flame was imaged in microgravity [36] . Similarly to the systems in section I-B, a single scanning beam source was collimated by an off-axis parabolic mirror creating a linearly-scanned beam through the flame. The beam was collected by another off-axis parabolic mirror onto a photodetector. A total of 31 PCIs were acquired to characterize the axisymmetric flame process.
E. Scanning Beam and Translated Source
Systems in this category employ a scanning beam source that moves with respect to the imaging space during the experiment. The translation path is typically circular and the overall system geometry resembles that of a medical X-ray CT scanner.
The measurement of water vapor concentration and temperature distribution was demonstrated in a supersonic combustion tunnel [37] . Optical access was achieved by a single unit combining launch and receive elements. Inside the unit a beam of controlled divergence was launched through an aperture in an off-axis receiving mirror. Having traversed the process once, the beam was back-reflected towards the source by a cylindrical mirror. The diameter of the returning beam was larger than the aperture in the receiving mirror and so a portion of the returning beam was reflected onto a photodetector. The entire unit was mounted on a small rotary table to create a scanning beam. Subsequently, the rotary table was mounted on an annular rotary stage which positioned the rotary table 360°around the process. Both rotating mechanisms were under computer control and a total 1800 PCIs were acquired. The same system was extended by the authors to utilize five scanning beam sources and it was applied to image species concentration and temperature distribution at the exhaust of a scramjet combustor [38] . The additional sources were used to reduce acquisition time rather than increase the number of PCIs. The extended system acquired 840 PCIs in a full scan by rotating the scanning beam sources by 75°.
We identified two special cases in this category. Reference [39] developed a concept optical absorption tomography system for applications in two-phase flows. In this system the flow is sampled using, in essence, a 28-beam array formed with stationary optics and rotating at 1500 RPM. The number of PCIs is then limited by the angular positioning resolution. To our knowledge the concept has not been implemented. Reference [40] reports on a scanning beam system that is unique in the sense that it is capable of forming any beam array geometry in the imaging space. The system was applied to image water vapor concentration and temperature distribution in vapor deposition reactors. Two optical access platforms were mounted on a circular rail enclosing the process. On the first platform a light source in combination with a scanning mirror formed a single beam in the imaging space. On the second platform a second scanning mirror directed the incoming beam onto a photodetector. The position of the platforms and angle of the mirrors were electronically controlled to maintain line of sight between source and detector as the platforms were translated on the rail. This arrangement provides the necessary degrees of freedom to form a sampling beam at an arbitrary radial distance from the centre of the imaging space and angle. Therefore the entire Radon space can be sampled subject to positioning resolution and experimental time.
F. Scheme Comparison and Scope of Paper
The performance of optical access schemes can be compared based on a wide range of metrics. Two metrics are of immediate interest for high speed, high spatial resolution tomography: a) the number of unique PCIs that can be acquired and b) the total time required to do so. The motivation for metric (a) was described in section I, relating the number of PCIs to the limiting spatial resolution. Metric (b) stems from the requirement to image fast fluid flows in real time (<10% change between tomographic frames), typically in combustion research applications. The relative performance of the optical access schemes reviewed in this paper has been qualitatively mapped in terms of the aforementioned metrics and is shown in Fig. 2 . On the right-hand side, schemes having the optics and process stationary are capable of the fastest acquisition speed due to the potential for fully parallel acquisition. Continuous-fan systems are a variation of stationary optics, thus the acquisition speed is comparable. However, in many continuous-fan systems an integrated photodiode array with serial data readout is utilised which introduces a time penalty. In both schemes, the number of PCIs that can be acquired is limited due to mechanical constraints around the process. On the left-hand side, systems with many moving parts must overcome inertia and are therefore relatively the slowest. Systems using a single translated beam offer the most flexibility in orienting the beam with respect to the process and are therefore capable of the highest number of PCIs.
Optical access schemes that can acquire a large number of PCIs at a speed in par with stationary optics remain underdeveloped. Closer to achieving the desired performance are systems utilizing fixed sources that generate either a continuous or a scanning fan beam. Comparing the two, the continuous fan scheme is easier to implement and can achieve a higher acquisition rate. However, optical power is wasted at the inter-detector space. In the case of discrete detectors where the active detector area is significantly smaller than the detector pitch, the radiant power requirement from the light source can become unrealistic. On the other hand scanning-beam systems require the equivalent radiant power of a single pencil beam at the expense of a lower acquisition rate. Scanning-beam systems can randomly access the imaging space. This is an important advantage in process engineering as the scanning pattern can be limited only to regions of interest thus avoiding optically thick or highly scattering regions in the process.
This paper aims to motivate the development of new, high performance optical access schemes enabled by recent breakthroughs in the field of solid-state beam deflectors. We briefly review beam deflection technologies focusing on electro-optic deflectors, present fundamental optical access strategies and quantify by simulation the anticipated gain in spatial resolution performance for such novel systems.
III. BEAM DEFLECTION TECHNOLOGIES FOR TOMOGRAPHY
There exist a number of disparate beam deflection technologies to create a scanning beam [41] . The performance of each technology is presented in Fig. 3 . Of particular interest are inertia-free acousto-optical deflectors (AODs) and electrooptical deflectors (EODs) as they exhibit the highest scan speed without suffering from wear, mechanical noise and drift. Moreover, EODs and AODs offer random-access scanning. Comparing AODs with EODs, the random-access response of AODs is slower due to the velocity of the acoustic wave on the crystal. More importantly, the beam deflection angle of AODs depends on the wavelength of the input beam [42] which precludes use of AODs in wavelength-scanning schemes such as Tunable Diode Laser Absorption Spectroscopy (TDLAS). Therefore our discussion is focused on EODs.
The basic principle of operation of EODs has been covered in textbooks [43] , [44] . Briefly, a plane-polarized beam traversing a transparent, birefringent material is refracted due to a change in the material's refractive index when an electric field is applied (parallel to the polarization plane of the beam) across the material using electrodes. The effect is particularly pronounced in Potassium Tantalate Niobate (KTN) crystals where the change of refractive index exhibits a quadratic relationship to the applied electric field (Kerr effect) and maximum at ≈35°C [45] . An additional mechanism that adds to the utility of KTN in EODs is the space-charge effect whereby electrons from the electrodes are injected in the crystal creating an electric field gradient which causes a cumulative refraction of the beam through the crystal [46] . The combined effects cause a beam deflection angle θ e given by [47] :
where V is the applied voltage, ε 0 and ε r is the permittivity of vacuum and KTN respectively, n is the refractive index of KTN (V = 0), d is the thickness of the crystal, L is the interaction length of the beam in the crystal. The crystal thickness is kept small to overcome difficulties in crystal growth and electron injection. An undesirable side effect is that the clear optical aperture of the crystal also becomes small which implies a large beam divergence and susceptibility to optical aberrations. A limit exists where the angular deflection for a given voltage is overwhelmed by beam divergence. At the Fig. 5 . Two proposed optical access strategies based on a fast scanning beam. In (a) the imaging space is small and each beam path can be acquired using a single detector. In (b) the large imaging space necessitates distinct detectors. Several variations of these strategies are possible.
limit, the number of resolvable spots N is [48] :
where w 0 is the beam waist radius and λ the wavelength. Typically, 20 to 30 resolvable spots can be achieved [49] from one source; a performance comparable to the total number of PCIs from all projections in several optical absorption tomography systems reviewed. In order to increase the number of resolvable spots for a given aperture the interaction length must be increased. This has been the subject of recent advancement in KTN EOD technology, whereby high reflectivity coatings on the edges of the crystal made the beam traverse the crystal three times (Fig. 4a) . The result was that the deflection angle and number of resolvable spots were tripled to ∼61 [49] , which represents a 300-600% increase in the number of PCIs per projection for most systems reviewed here having stationary or fan-beam optical access.
Integrated devices employing the three-pass KTN scheme, corrective optics and temperature control have been developed (NTT-AT, Japan) and are commercially available (AMS Technologies, Germany) as single or dual axis EODs.
In our laboratory we independently evaluated the single-axis version optimized for visible wavelengths (Fig. 4b) . The EOD was powered by a resonant voltage amplifier controlled via LabVIEW and connected to a 635 nm laser (Thorlabs LPS-PM635-FC) via a polarization-maintaining fiber. The KTN crystal temperature was maintained at 35.4°C. An amplified photodetector with 10 MHz bandwidth (Thorlabs PDA36A) was used to measure the scan frequency. The deflection angle was measured by placing a screen at a known distance and recording the length of the scan trace (Fig. 4c) . When driven with 200 V pk−pk the setup achieved a deflection angle (2θ e ) of 216 mrad at 90 kHz.
IV. OPTICAL ACCESS USING SCANNING BEAMS
Optical access for a system utilizing scanning sampling beams can be implemented using different strategies. Here we present two strategies suitable for small (<7cm) and large diameter imaging spaces. Additional implementations can be conceived (e.g. using retroreflectors) by the creative reader. In the case of a small diameter imaging space in Fig. 5 , an optical element such as a lens can direct the attenuated sampling beam onto a single photodetector. The detected intensity is then a continuous function of the beam position and the gas parameters in its path. In the case of large imaging spaces, sourcing or fabrication of focusing optics becomes challenging. In such cases discrete detectors can be used without further beam translation optics. In any case the source must be placed at sufficient distance to scan the entire region of interest.
In the case where the beam is scanned over multiple discrete detectors, an additional intensity modulation component (separate to any source modulation scheme) is imposed on the signal. Here we briefly examine the bandwidth requirements imposed on the detector and subsequent instrumentation.
In Fig. 6 , we assume an ideal rectangular detector 'D' and a rectangular beam spot profile 'B' of width m and having uniform irradiance. Assuming a linear detector response, the measured light intensity I r will be proportional to the overlap area A. If the beam spot moves with constant velocity v, the detector output wavef orm will resemble an isosceles trapezoid with finite rise time t r and fall timet f given by:
The velocity of the beam spot is given by:
where l is the length of the scan trace on the detector plane and f is the scan frequency. If the transient response of the detection system is assumed to be that of an RC network, then the -3 dB bandwidth of the system BW is approximated as follows:
Combining (5), (6) and (7), the bandwidth requirement for the detection system BW d with I r normalized to 1 is given by:
Letting m = 0.5 mm, l = 100 mm and BW d = 17 MHz for a commercial photodiode detector (Thorlabs PDA10CS), the maximum scan frequency f = 194 kHz. 
V. SPATIAL RESOLUTION OF SCANNING BEAM SYSTEM
Having shown that existing beam deflector technology can triple the number of sampling beams and thereby PCIs, we proceed to quantify the effect of the increased number of PCIs in the spatial resolution of the system. We based our analysis on an existing optical absorption tomography system developed to image CO 2 in the exhaust plume of an aviation engine [13] . The existing system utilises a 126-beam array arranged in 6 projections each of 21 parallel beams (Fig. 7) . Our objective then was to reconstruct a simulated test concentration, a 40 cm diameter sharpedge phantom having a uniform 6% concentration, using the 126-beam array and a new, high density 378-beam array.
Increasing the number of projections was not straightfoward due to the architecture of the image reconstruction algorithm [50] which was optimised for the existing 126-beam array. Instead, we tripled the number of beams per projection from 21 to 63 and maintained the overall dimensions of the beam array. Under this non-ideal condition, artefacts arising from the closely-spaced sampling beams within a projection can be seen in the reconstructions using Tikhonov regularization. The artefacts are particularly pronounced in the 378-beam case (Fig. 8b) where the ratio of projections to beams is 1:10.
To quantify the limiting spatial resolution of the system we applied the observer-free method described in [51] based on the decomposition of the spatial frequency content in the reconstructed image. Here, we performed the quantification in a single thin rectangular region (5 by 50 px) centered about the edge of the concentration within the images reconstructed using the positivity constraint for the 126 and 378-beam cases (Fig. 8) . The concentration edge within the thin region approximates a straight edge as described in [51] and we assume that the spatial resolution is uniform within each quantification region.
The quantification algorithm we employed proceeds as follows. The desired image was loaded as a 2D, 8-bit grayscale image. The image was cropped (Matlab 'imcrop') using a thin rectangular window perpendicular to and centered on the edge of interest (regions denoted as 'Q' in Fig. 8c and 8d) , ensuring that the edge is fully enclosed as described in [51] . The pixel intensity in the cropped strip represents the Edge Spread Function (ESF) at that quantification location. Due to the typically low number of pixels in limited-view reconstructions, the ESF was interpolated by fitting a smoothing spline and then it was oversampled 20 times. The ESF was differentiated (Matlab 'diff') to yield the Line Spread Function (LSF). At this point the LSF remained noisy, so a Gaussian profile was fitted before the LSF being normalised so that the sum of the data values is equal to 1. The Fast Fourier Transform of the LSF was calculated (Matlab 'fft') to yield the Modulation Transfer Function (MTF). Subsequently the absolute value of the MTF was computed and frequency shifted (Matlab 'fftshift'), discarding negative spatial frequencies. The spatial frequency axis of the MTF (x-axis) was computed using the Matlab instruction
where F s is the sampling rate in samples per pixel, and N is the total number of samples (equal to the length of the LSF vector after the Gaussian fit). At this stage the spatial frequency axis has units of cycles per pixel (equivalent to line pairs per pixel, lp/px) and, in order to convert to line pairs per millimeter (lp/mm), the axis values were divided by the pixel pitch (mm/px). We applied a sharp cut-off point where the absolute value of the MTF is 10% of its maximum (termed MTF10) and read off the corresponding limiting spatial frequency. Finally, the limiting spatial frequency in millimeters was computed using the Rayleigh resolution criterion as described in [51] .
The MTF for each quantification region can be seen in Fig. 9 . It can be seen that in the case of the 126-beam array the spatial frequency content above 0.01 line-pairs per mm is attenuated to below 0.1, whereas in the 378-beam array case the system can resolve higher spatial frequencies, i.e. 'transfer' from input to output without significant attenuation. We computed the limiting spatial resolution at MTF10 to be 54 mm for the 126-beam array and 33 mm for the 378-beam array. This result represents an improvement in spatial resolution of 38%, which we believe is representative for the entire imaging space given the regular array of sampling beams shown in Fig. 7 . Nevertheless the quantification process can be repeated in other regions of the image to produce a map of the limiting spatial resolution similar to that in [51] . We also note that except from a more uniform concentration distribution within the phantom, the improvement in spatial resolution is not obvious to the observer of the reconstructed images. Due to there being differences at the intensity of individual pixels, we hypothesize that this is an artefact of the limited dynamic range of the color palette and the monitor.
An important advantage of translated versus fixed optical access is that in the former the sampling beam acts as a 'bounding beam' as described in [51] or 'tangential beam' as described in [52] and so the boundaries of spatially isolated features can be localized. Moreover, the reconstruction algorithm can utilize this data to introduce super-resolution in the final images. For a fixed beam array to approximate the same effect it would require a high beam density.
VI. CONCLUSIONS
We have presented an overview of optical access schemes as used in optical absorption tomography systems, identifying a lack of technology options to enable a simultaneously high speed and high spatial resolution tomography system. However, recent developments in the field of electro-optic deflectors have achieved performance levels that make them suitable for application in practical optical absorption tomography systems. We evaluated one such electro-optic deflector in the context of tomography and verified that it can achieve a deflection angle of 216 mrad at a speed of 90 kHz, making the unit particularly suitable for imaging of fast processes. We found that using such a deflector to increase the beam density of an existing array, the spatial resolution can improve significantly, by 38%, and the concentration boundaries can be accurately localized. The improvement in spatial resolution is not obvious in the reconstructed images, however the quantification algorithm successfully interprets the intensity differences that exists at a pixel level. Our further work will aim to implement a multi-deflector system and experimentally verify the improvement in spatial resolution by e.g. reconstructing closely-spaced features.
